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ABSTRACT
An experimental study was carried out to observe the performance of
candidate nonconsumable anodes (a copper-aluminum alloy and an iron-
chromium-aluminum alloy) and compare this with the usual industrial
anode material, carbon, and the ideal nonconsumable anode, platinum.
Linear sweep voltammetry (LSV) and sampled current voltammetry (SCV)
were used to determine parameters such as io, a and the i-Ti relationship to
ascertain the degree of the kinetic facility of the reaction. An aluminum-
cryolite reference electrode was also used.
The results from the LSV yielded results of varying quality. Tests employing
carbon and platinum anodes yielded values far in excess of established
exchange currents. Tests employing the candidate anode materials yielded
exchange current density values of 0.017 and 0.019 Aecm- 2 for the aluminum
bronze (Cu-10%Al) and Hoskins 875 (Fe-22.5%Cr-5.5%Al) alloys, respectively.
Results of the SCV experiment were only done on platinum and carbon
anodes; the apparatus failed irreparably before SCV experiment could be
performed on the aluminum bronze or the Hoskins 875.
Carbon: io = 0.0183 A*cm -2
(z=1 s) Ti = 3.6875 + 2.4563 log i
a = 0.950
Platinum: io = 0.0541 A*cm-2 (t=0.1 s) io = 0.0879 A*cm-2
(t=1 s) T = 0.5186 + 0.4999 log i Ti = 0.53169 + 0.59281 log i
a = 0.756 a = 0.891
Thesis supervisor: Dr. Donald R. Sadoway
Title: Professor of Materials Chemistry
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CHAPTER 1
INTRODUCTION
The purpose of this study was to investigate the performance of
nonconsumable anodes by means of linear sweep voltammetry to resolve
some of the kinetics of the reaction
3
A120 3--2A + 2  (1.1)
on an inert surface.
The search for an inert anode has continued since the invention of the
Hall-H6roult process for the electrolysis of primary aluminum was developed
independently by Charles Hall of the United States and Paul Heroult of
France in 1886. Hall recognized that use of an inert anode was, by far, better
than the use of a consumable carbon anode. His original patents refer to the
use of platinum and copper as nonconsumable anodes, but he had problems
developing inert anodes from these materials. In a 1911 address to the
American Chemical Society, he stated that his work on inert anodes "delayed
a successful result (other improvements in the overall smelting process) for a
year or two."' In the meantime, carbon was used as it was one of the few
substances that could perform acceptably in the Hall cell's demanding
environment.
The kinetics of the nonconsumable anode are expressed in terms of
such parameters as the exchange current density (io), transfer coefficient (a)
and overpotential-current (i-in) relationship which reflect the degree of
reversibility. To this end, linear sweep voltammetry was used to determine
the exchange current density. Sampled current voltammetry was used to
determine, through two different methods of analysis, an i-1j relationship
which would yield values for the exchange current density and transfer
coefficient.
The experimental anode alloys for this study were chosen from a series
of candidate materials tested by Hryn and Sadoway2 at MIT and reported in
their most recent publication which promotes the use of an anode featuring a
chemically resistant metal oxide thin film covering a base metal monolith.
These alloys are copper-aluminum (Cu-10%Al) and iron-chromium-
aluminum (Fe-22.5%Cr-5.5%Al). They are compared to a noble metal,
platinum (considered to be the ideal nonconsumable anode), and the
standard industrial anode material, carbon.
CHAPTER 2
BACKGROUND
2.1 Chemistry of the Hall Cell
The features of the Hall cell, which have changed little since its
inception, include an electrolyte, a cathode and an anode. The electrolyte is a
molten cryolite (Na3AlF 6) solution that contains AlF3, CaF 2 and/or MgF2 in
industrial practice as well as dissolved A120 3 which is the feedstock. The
cathode is usually a pool of liquid aluminum in contact with a carbon surface
which in turn is in contact with a cathodic steel collector bar.3 The anode is
made of carbon, one of the few solid electronic conductors not attacked by
cryolite.4
In the Hall cell, the net reaction for the reduction of aluminum from
its oxide is:
cryolite
2A120 3 + 3C - 4A1 + 3CO 2  (2.1.1)
even though the production of CO is favored thermodynamically:
cryolite
A120 3 + 3C -4 2A1 + 3CO (2.1.2)
though Hall cell electrolysis produces mostly CO 2 due to kinetic factors. The
theoretical carbon consumption for aluminum metal production should be
334 kg carbon per ton aluminum, but the observed consumption rate is
somewhat higher, ranging from 420 to 550 kg carbon per ton aluminum,
depending on the CO/CO2 ratio. Under steady-state operating conditions, the
exit gas mixture consists mostly of CO2, with a CO content that can range from
10 to 50%. 5
2.2 Problems associated with aluminum electrolysis
In some countries a tax on carbon emissions is being considered as a
method of reducing them and their effects on the environment. Replacing
the carbon anode with a nonconsumable could help to avoid a possible
resultant increase in the price of aluminum.6 Reaction [21 alone produces
between 1.5 and 2.2 tons of CO2 per ton aluminum during smelting.
Furthermore, there is also concern about the level of polyfluorinated
carbons (mostly CF4 and C2F6). They have also been identified as a source of
air pollution and ozone depletion.5 These gases have the ability to remain in
the atmosphere for over 10,000 years. It was estimated that approximately
28,000 tons of CF4 and 3,200 tons of C2F6 per year are emitted into the
atmosphere. Such levels of fluorocarbons are equivalent to 1.6 kg CF4 and
0.2 kg C2F6 produced per ton of primary aluminum smelted each year.7
Polyfluorinated carbons are produced during an electrolysis phenomenon
called the anode effect. When the working surface of the carbon anode is
covered with a layer of CO/CO2 gas the voltage increases while the current
attempts to pass through the gas film and sparks can be seen on the anode.
CF4 and C2F6 are then evolved in addition to the usual electrolysis
byproducts. 4
The raw material of the carbon anode is petroleum coke, a byproduct of
petroleum refining.8 Of the 33.47 quadrillion Btu of crude oil consumed in
1992 in the United States, 15.19 quadrillion Btu were imported. 9 As long as
the United States continues to import a substantial portion of its petroleum,
the cost of anodes and, indirectly, the cost of aluminum can be influenced by
the cost of oil.
The manufacture of carbon anodes is also problematic due to the
inconsistency of coke raw materials. The variation in coke's particle size and
densification point makes using a single procedure difficult. The raw
material has very rigid specifications as to its moisture and impurity content.
Impurities such as silicon, iron, vanadium and nickel are kept to levels of less
than 0.05 wt%. The sulfur level is kept as low as possible (3 wt%) to
minimize SO, emissions. To eliminate dusting (a phenomenon that occurs
during electrolysis that reduces the current efficiency of a cell with a carbon
anode) the anodes are baked at temperatures in excess of 11000C. In addition,
the furnaces must be constructed to minimize exposure of the anodes to air.
Exhaust from the baking process is laden with hydrocarbon volatiles and
must be "scrubbed" properly before being released to the atmosphere.'
With all of these problems associated with the manufacture and use of
carbon anodes, it becomes more and more imperative that a nonconsumable
anode be found, keeping aluminum competitive as a metal in construction,
consumer goods, automotive fabrication and electronics. The US House of
representatives has proposed to augment the budget of the Steel and
Aluminum Research Program.10
2.3 Previous Research in Inert Anodes
In 1981, Billehaug and Oye4 reviewed the state of research in inert
anodes for use in the Hall-H&roult cell, and stated the physical and chemical
properties that the ideal nonconsumable anode should have. They are:
* no solubility in a fluoride melt containing dissolved aluminum and
sufficiently resistant to accidental contact with the molten aluminum
cathode
* resistance towards anode oxygen
* thermal stability up to 10000C with adequate resistance to temperature
shocks and gradients
* low specific resistivity and low contact resistance to external current
conductors. At 10000C the specific resistivity should be comparable with or
smaller than that of the carbon anode
* low overvotlage of discharge and reaction of oxide ions
* high overvoltage of undesired anodic reactions, i.e. discharge of fluorine
** no contamination of the aluminum produced.
Sadoway (1990) revised these criteria which he argued were too narrow and
failed to consider important candidates. His recommendations appear in
Section 2.4 of this work.
2.3.1 Ceramics
Ceramic anodes have been a research focus for some time. Anodes
fashioned of pressed and/or sintered oxides have been tested in cryolite-
alumina solutions with mixed results. While most oxide ceramics are
resistant to anode oxygen and can be made to conduct electricity (by either
ionic conduction or semiconduction), their major drawbacks are their
solubility in alumina-cryolite melts at 9700C and their propensity to react with
dissolved aluminum.4
Grjotheim et al.4 have listed the solubilities of many different oxides in
cryolite and alumina-cryolite melts. The solubilities vary, but SnO2, Fe20 3,
ZnO and Cr20 3 appear to have the lowest solubilities.2 Belyaev and
Studentsov 11 tested different cold-pressed and sintered anodes of Fe30 4, SnO2,
Co30 4, NiO, ZnO, CuO and Cr20 3 in bench-scale electrolysis experiments and
found that Fe30 4, SnO 2, Co30 4 and NiO were the most corrosion-resistant.
Belyaev 12 later tested ferrites such as SnO2*Fe20 3, NiO*Fe 20 3 and ZnO*Fe 203
found that their resistivities were lower than those of their pure component
oxides. Despite these improvements, however, a small amount of fluorine
was evolved at the anode and the aluminum was contaminated by metals
from the oxide.4 In this reaction, liquid aluminum metal dissolved in the
cryolite reacts with the metal oxide according to the reaction:
3MxOy + 2yAl -4 yAl203 + 3xM (2.3.1.1)
and metal M co-deposits with the liquid aluminum.
2.3.2 Cermets
Ray 13 devised a cermet inert anode that contains approximately 70%
NiFe20 4/NiO and 30% Ni metal. The nickel is intertwined throughout the
ceramic body in a so-called "wormy" structure. The combination of materials
solves certain problems encountered in the search for an inert anode. The
nickel oxide-nickel ferrite ceramic phase is a low-solubility ceramic with high
conductivity (300 ( *cm)- 1) and the metal phase improves the mechanical
strength and resistance to thermal shock.
While certain physical properties had been achieved, certain chemical
problems had not been yet fully solved. The main problem was that the
nickel corroded at a rate far in excess of that of the ceramic oxide phase.
Tarcy 1 did an investigation to determine a superior metal phase for the
cermet anode. It was found that a copper-rich copper-nickel alloy in a
NiFe204-NiO ceramic base showed the most commercial promise because of
its resistance to corrosion and its relatively low cost.
2.3.3 Metals
Metal anodes have also been tested with little success. While their
mechanical and physical properties are without parallel, they cannot
withstand the corrosive attack from neither the cryolite solution nor the
evolved oxygen. In service, these metals readily form oxides. These oxide
layers tend to spall and contaminate the aluminum product. Belyaev and
Studentsov 14 experimented with anodes of metallic nickel, chromium,
copper and silver at 9350C in potassium-sodium-aluminum-fluoride melts.
In the first three cases, the anodes formed mechanically unstable oxides that
tended to spall and fall off. The silver anode tended to melt (melting
temperature of silver is 9620C). Platinum anodes have also been studied. In
melts of high alumina content, corrosion of the anode has been observed
after electrolysis at high current densities. In alumina-depleted melts,
corrosion due to fluorine discharge has also been observed.4
2.4 Recent Research
A recent research initiative at MIT has focused on an anode with a
novel design. It consists of a metal alloy monolith covered by a thin film of
the oxide of the metal constituents of the alloy. This metal oxide layer is
called a reaction layer because it is the product of a chemical reaction between
the elements comprising the monolith and oxygen evolved on the anode
surface. Sadoway 2 enumerated the following requirements:
* the reaction layer should not react with dissolved aluminum metal or the
cryolite solution.
* the reaction layer should neither spall nor dissolve.
* the reaction layer should provide complete coverage. There shall be no
cracks or holes in the reaction layer.
* the reaction layer should be free from chemical attack at the gas-liquid
interface.
* the corresponding fluoride of the metal constituent of the reaction layer
should have as low a vapor pressure as possible. A fluoride with a high
vapor pressure would indirectly consume the anode.
* the metal fluoride should not be reduced by either aluminum or sodium.
* the reaction layer should have the ability to grow.
* the reaction layer should be able to pass current.
* the anode should be designed according to the equilibrium and dynamic
parameters of the Hall cell.
Sadoway later applied these criteria to candidate anode materials.
Elemental and alloy chemistries that fulfilled these requirements were
identified; this number was reduced by showing preference to alloys
containing elements normally found in the solution of a Hall cell: Na, Al and
Ca (Mg and Li alloys could be used as circumstances permitted). It was also
further recognized that certain base-metal alloys tended to create a tenacious
surface film compound almost exclusively containing aluminum oxide.
Aluminum bronzes (Cu-Al alloys) were chosen for this reason. In addition to
the choice of Cu-Al alloys, Ni-Al, Cr-Al and Fe-Cr-Al alloys were also chosen
to be candidate anode materials.
The most important issue with regards to a nonconsumable anode's
service is whether or not the anode can develop and maintain a protective
film during service. The evidence suggests that this is true. In a dynamic
situation, i.e. during electrolysis, aluminum is selectively oxidized by the
evolved oxygen over any other metal due to the extreme difference in free
energy of formation between aluminum oxide and the oxides of the base
metals. Aluminum's predisposition to oxidation can be seen on the
Ellingham diagram which plots the free energy of oxidation as a function of
temperature. Note from the Ellingham diagram in Figure 2.4.1 that A120 3
has a more negative standard free energy of formation than most elements,
with the exceptions of calcium and magnesium, among others.15
If the current is halted for some time, the alumina film may dissolve,
but certain metals, e.g. copper, are not attacked by cryolite. Sadoway
speculated that the oxygen pressure at the surface of the anode in service fixes
the chemical potential of the oxide ion, Po2-, at a higher potential than that of
the bulk electrolyte by the equilibrium reaction:
3/2 02 + 6e - - 3 02- (2.4.1)
If the chemical dissolution is represented by the reaction
A120 3 -) 2AI3+ + 3 02- (2.4.2)
then dissolution can be moderated by maintaining a high chemical potential
of either A13+ or 02-. If the AlF3/NaF ratio is high, the chemical potential of
Al3+ , RA13+, is kept high and that also can be used to maintain the integrity of
the alumina film .
When compared to the results from the use of ceramic oxide anodes,
Hryn and Sadoway's results were encouraging. The aluminum produced
using Cr-Al and Cu-A1 anodes contained less than 0.1 wt% of Cr and Cu,
respectively. Cu-Al behaved in a manner similar to that of Pt, which showed
periodic fluctuation of cell voltage, but without the drift associated with
platinum. 2
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CHAPTER 3
THESIS PROPOSAL
This thesis reports on a series of experiments investigating the
performance of nonconsumable anodes used for aluminum electrolysis in
the Hall-Hdroult cell. As such, this is an extension of the work done by Hryn
and Sadoway as described in the previous chapter. The proposed anode
chemistries used in these experiments are those that gave the most
encouraging results in their experiments: Cu-Al and Fe-Cr-Al. The controls
in this study were carbon and platinum, which represent the present
industrial and the ideal nonconsumable anodes, respectively.
One method of analysis chosen for this study was linear sweep
voltammetry (LSV). Another method of analysis used in this study was
sampled current voltammetry (SCV). LSV and SCV allow for the possible
quantitative determination of kinetic constants of an electrochemical reaction
and direct qualitative comparison between behaviors of different electrode
materials in the same electrolyte.
CHAPTER 4
EXPERIMENTAL APPARATUS
4.1 Apparatus
The bulk of the experiments were conducted in a sealed vessel,
nominally at 9700C. Figure 4.1.1 depicts the experimental cell. The reaction is
contained within a closed-one-end alumina tube (27" long, 4-1/4" diameter,
Vesuvius McDanel, Beaver Falls, PA), pressure-sealed with a rubber gasket. It
is heated from the outside by a series of Nichrome (Ni-20%Cr) resistance
windings (Baker, Plano, TX) attached to a Variac power transformer.
A stainless steel gondola suspended from the top by stainless steel rods
holds the crucible where the electrolysis occurs. Connections to the anode,
the cathode, the thermocouple sheath and the reference electrode are made at
the aluminum cover plate. In the cover plate there are also auxiliary ports for
gas inlets and outlets, bubblers, melt samplers and the like.
The cathode is a pool of molten aluminum in contact with a tungsten
rod that is isolated from the cryolite melt by a tube of hot-pressed boron
nitride. The tungsten rod is fed through the aluminum plate and sheathed by
and fastened to a 1/4" diameter alumina sleeve.
The reaction crucible is made of pyrolytic boron nitride (PBN). PBN
was chosen for its ability to withstand molten cryolite and molten aluminum
at high-temperatures. It is also not wet by either. For this reason, PBN
crucibles could be used repeatedly.
The anode is a filamentary sample measuring 1 mm in diameter and
5 cm in length. The sides are insulated to diminish the edge effects that are
not easily explained mathematically. In this case, the insulator is hot-pressed
boron nitride (HBN) (Advanced Ceramics-Union Carbide, Cleveland OH)
chosen for its dielectric and chemical properties (principally its resistance to
Inc
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Figure 4.1.1 A graphic representation of the cell used in this study.
Illustration: Kathleen Hepburn
attack by cryolite). Part of the filament extended out of its HBN insulator to
make connection with a stainless steel connector (see Fig. 4.1.1) that is in
contact with an Inconel rod, fastened to and sheathed by an alumina rod in a
similar manner to the cathode.
The reference electrode measures the potential of the anode. It is of a
design devised by Sadoway.16 One of the novel features of this reference
electrode is the arrangement of aluminum and cryolite. Normally, liquid
aluminum is denser than liquid cryolite (2.7 g cm-3 versus 2.3 g cm-3).
Sadoway recommends the addition of a fluoride denser than cryolite, e.g.
BaF2, to make the cryolite denser than the aluminum. An electrical contact
can then be made to the aluminum without any risk of shorting from the salt
to the refractory-metal lead. An HBN diaphragm regulates the flow of
aluminum ions between the melt and the cryolite in the reference electrode.
Chemical equilibrium is then established in the reference electrode by the
reaction
Al = A13 + 3e-(4.1.1)
4.2 Chemicals
The materials for the anodes used in this study were all obtained
commercially. The aluminum bronze wire was obtained from Surepure
Chemicals (Garden Park, NJ). The Fe-Cr-Al alloy was donated by Hoskins
Manufacturing (Hamburg, MI). Its usual application is as a furnace resistance
heating element. The graphite was obtained from Beaumac Co., Inc. (Epsom,
NH). The platinum wire came from Goodfellow, Inc. (Malvern, PA). Each
specimen was inserted into a 1" long piece of HBN and sanded with 600 grit
sandpaper to create a smooth, flush surface. The aluminum alloy samples
were then heated to approximately 750°C in an air atmosphere to create an
alumina film on the surface of the sample.
The cryolite solution was a mixture representative of standard indus-
trial practices, with a bath ratio (wt NaF/wt AlF 3) of 1.15. It contained cryolite
Na3AlF6, 5 wt% CaF2, 2 wt% A120 3 and enough AlF3 to adjust the bath ratio.
Chiolite, Na5 A13F14, is a lower-melting compound and was used where
possible to encourage early liquefaction of the melt. All were reaction grade
chemicals supplied by either Alfa Chemicals (Danvers, MA). The densified
cryolite solution in the reference electrode contained 30 wt% BaF2.
4.3 Electrical Components
The nucleus of the external circuit that drove the reaction was a
Schlumberger (Farnborough, Hampshire, England) Solartron 1286
voltage/current source. It has the ability to act as either a current or voltage
source. Variable parameters were ramp rate, the beginning and ending
points, and the waveform type (stepwise or linear). It also acted as a
multimeter, with the capability to measure the potential with respect to a
chosen reference electrode. Circuit potential (including that of the reaction)
and current were recorded on an XY chart recorder (BBC/Goerz Metrawatt SE
780, Vienna, Austria). The temperature was measured by a type K (alumel-
chromel) thermocouple. The signal from the thermocouple was interpreted
by an Omega temperature sensor. The thermocouple was protected by a 1/4"
diameter molybdenum closed-one-end rod (Sandvik-Rhenium, Elyria, OH).
Figure 4.3.1 Shows a schematic demonstrating how the Solartron 1286 was
connected to the test cell.
Figure 4.3.1. Schematic of the electrical members of the test cell.
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CHAPTER 5
THEORETICAL CONSIDERATIONS
5.1 Linear Sweep Voltammetry
5.1.1 Introduction
Linear sweep voltammetry is a dynamic analytic method by which
electrochemical data is acquired by applying a voltage as a function of time to
simulate a current-potential-time plot. During a sweep, as the potential
becomes more anodic, the faradaic current increases and passes EO, the formal
equilibrium potential, after which faradaic current dominates. The current
peaks at a particular potential (Ep) where the concentration of oxygen ions at
the electrode surface is zero; as the potential continues to increase, the current
begins to diminish as the reaction switches into diffusion control, where the
current is dominated by the rate of transport of electroactive species to the
anode. Variable factors in this study are sweep rate v (V.s -~) and bulk
concentration of oxygen ions Co2-.
5.1.2 Reversible system
If a reaction is reversible, then Ep will not vary with the sweep rate v.
The sweep rate must be chosen appropriately. Too rapid a rate can artificially
skew results and make a reversible reaction appear irreversible. The
following equations represent different possible means of determining the
degree of reversibility.
If the reaction is reversible, the rate of electron transfer at the electrode
surface is rapid enough so that the concentration of O in the reaction
O + ne- ý R (5.1.1.1)
(where O represents solvated species to be electrolyzed and R represents the
specie after electrolysis) is adjusted immediately by the Nernst equation:
Co (0,t) = exp[ (Ei- vt - Eo) (5.1.1.2)
where Ei is the initial potential and EO' is the formal potential,
EO = E + RT Iny• (5.1.1.3)
nF
and•yo is the activity coefficient of O in the solution. In the case of the Hall
cell, R, which represents the aluminum metal, has a vanishingly small
solubility (~ 0.1 wt%)4. To obtain the equation for current, the activity of the
deposited metal is assumed to be unity as the aluminum can be considered a
separate phase unto itself, nominally pure. Therefore, the solution is an
approximation.
The boundary equation for the current i is then written as
i = nFADo •(x -t)] (5.1.1.4)
where Do is the diffusion constant of species O in the solution (cm 2 s-1), Co is
the concentration of O in the solution (mol*l-1) and A is the area of the
electrode (cm2). Berzins and Delahay 17 used Equations (5.1.1.2) and (5.1.1.4)
and Fick's second law to determine equation relating the current to
concentration of species O in the solution:
2 n3/ 2F3/ 2 %CD12 n 1/2i ACoD/2/2 -- vt(5.1.1.5)WE ' R1/2T1/2 RT
where Q represents the function
I(a) = exp(-a 2 )f exp(z2 )dz (5.1.1.6)
Values for (4 were determined and tabulated by Miller and Gordon.18 By
combining (5.1.1.5) and (5.1.1.2) and values for the constants at 970"C, the
result becomes
i = 333n3/2ACoD/2/2 3.06n 2 (Eo - E + 0.107 ln(oCo))] (5.1.1.7)
The current reaches a peak when formula (5.1.1.6) reaches its peak
(nF 1/2
value Q(a)=0.5410 when a = (-Rvt) = 0.9241. The potential at which this
peak current occurs, Ep, can be calculated from the argument of Q0 in (5.1.1.7):0.0915 0.107E = E 0091--- + - In 7 1oCo (5.1.1.8)
n n
5.1.3 Irreversible System
The case of a totally irreversible reaction has also been rigorously
solved.19 Boundary equation (5.1.1.2) is replaced by
nFA =  Do (ax = kf (t)C(0, t) = kfCo (0,t)eb  (5.1.3.1)
nFA [ ax x=o
where the forward rate constant kfi is
-a•naF(Ei -Eo')}
kf = kV exp (5.1.3.2)RT
b = anaFv (5.1.3.3)RT
The solution to this equation is found in a similar manner to that for a
reversible reaction, and requires the numerical solution of an integral
equation. The current in an irreversible reaction is given by
i= nFACo D' 2V1/2• F x '1/2 x(bt) (5.1.3.4)
The X(bt) in (5.1.3.4) is different from X(at) in (5.1.2.5), and is tabulated in Table
.These values are calculated for T=25"C, and can be adjusted for other
temperatures in a similar manner to x(ot).
The peak current occurs at -1x(bt) = 0.4958. The potential at which
this peak current occurs is
RT DF (n F1/2 1EP = E0o -- 0.780 + In +o In an aFv 1/ (5.1.3.5)
anaF ko RT
As opposed to the case of a reversible reaction, the peak potential in (5.1.3.5) is
a function of the sweep rate v.
5.1.4 Reversal techniques
These formulae and theories can be applied to either an anodic or
cathodic sweep, independently of one another. The shape of the resulting
voltammogram may depend on the switching potential, E, (switching time
t=X). Linear sweep sweeps can be recorded on either a strip chart that would
give an i-t curve, or on an XY chart recorder that would give the more
familiar current-potential characteristics. The most important features of
these curves are ipa / ipC, the ratio of the peak currents, and Ep - Ep, the
separation of the peak potentials. For a reversible, nernstian wave, ipa / ipc=l,
regardless of the scan rate when ipa is measured from the decaying cathodic
current as a baseline. One manner of determining this baseline is to allow the
cathodic current to decay to zero. As a result, O which is replaced by R at a
concentration near that of O before the sweep was begun. In the case that the
baseline to measure ipa cannot be determined, Nicholson 20 suggested that the
ratio could be determined as
S__ipa ) 0.485(isp)o
= ia + + 0.086 (5.1.4.1)
i, ipc ipc
where (isp)0 is the current at the switching potential, E .
The difference of Epa and Ep (AEp) is also a useful test of reversibility.
Though Epa - Ep varies slightly with E,, the value is usually close to
2.3RT 15
nF
For this study, the potential of the working electrode will not be
allowed to become cathodic. Such a potential will cause the formation of
aluminum product. Deposition of liquid aluminum on the working
electrode might cause the formation of an alloy or intermetallic compound.
Formation of alloys between metal electrodes and liquid aluminum have
been reported before in the literature. Pjescic and Mentus 21 reported current
separations in cyclovoltammograms of a Na3A1F6-Al20 3 solution at 10001C
beginning at 0 V, indicating the formation of Pt-Al alloys. Sum and Skyllas-
Kazacos 22 attributed the presence of multiple cathodic peaks to the formation
of Al-W alloys or intermetallic compounds on a tungsten electrode in a
cryolite solution containing 2.3 wt% A120 3 at 902 *C.
5.2 Sampled current voltammetry
5.2.1 Introduction
Sampled current voltammetry (SCV) is a type of chronoamperometric
experiment, because current due to a stepped potential perturbation is
recorded as a function of time. A series of step experiments is performed,
between which the solution is allowed to reestablish its chemical
homogeneity by elimination of all chemical gradients, so that the initial
condition of the cell is identical before every potential step.
A series of potentials is chosen, some from the potential regime where
there would be no faradaic current (1), some from the mass-transfer-limited
region (2), and the remainder of the step potentials come between the two
extremes (3).
The resultant current in regime (1) is indistinguishable from the period
before the potential is stepped. The current-time curves resulting from the
potentials in regime (2) are indistinguishable from each other, as at those
potentials, the surface concentration of the electroactive species was quickly
exhausted and the faradaic process relies then exclusively on diffusion to
bring it to the electrode surface. The potentials in the third regime are unable
to exhaust the surface concentration as in the previous instance; the
difference between bulk and surface concentrations is less, and the
corresponding coefficient gradient is also smaller, and the current at similar
times is smaller than in the previous regime.
At a single time c for each of these chronoamperograms, the current is
recorded and graphed as a function of the stepped potential. Calculations of
certain constants of the system can then be determined.1 8
5.2.2 Butler-Volmer Equation
The general current-potential characteristic is:
[ anF(E-Eo) (1-a)nF(E-EO/)
i = nFAko Co(0, t)e RT CR (0, t)e RT (5.2.2.1)
If the system is at equilibrium, then the anodic and cathodic reactions
are equal in magnitude:
c.nF(E-E °o) (1-a)nF(E-Ecl)
nFAkoCoe RT = nFAkOCRe RT (5.2.2.2)
which reduces to
nF(E q-Eo/)
e RT = CO / CR  (5.2.2.3)
Ci is used in this case as at equilibrium the concentration of species at the
electrode surface is equal to the concentration in the bulk.
Though there is no net faradaic current, there is still faradaic activity at
each electrode. The magnitude of each is equal. Therefore, at the anode
anF(Eq -Eo/)
Io = nFAkoCoe RT (5.2.2.4)
Substitution of (5.2.2.3) raised to the -c power into (5.2.2.4) gives
= nFAkoC*o -a)CR-a (5.2.2.5)
Dividing (5.2.2.1) by (5.2.2.3) will give what is commonly known as the Butler-
Volmer equation:
[ (-a)nF1 _anF1
=io e RT e RT (5.2.2.6)
Using the Butler-Volmer equation as written in (5.2.2.6) is good for
circumstances of sluggish electrode kinetics or perfect mass transfer
(including stirring of the electrolyte). Its use must be tempered with certain
physical and chemical realities. First, the surface concentrations do not differ
appreciably from the bulk values and the electrolyte is homogeneous
throughout the entire sample. In addition, (5.2.2.6) is obviously unbounded.
In electrochemical cells of finite size, and at high enough potentials, surface
concentrations are exhausted and the current is then diffusion-limited.
5.2.3 Small overpotential
At small overpotentials (5.2.2.6) becomes
i = ionFt (5.2.3.1)
RT
The slope from an ri-i graph in the low Ti region can be measured and set
ionF
equal to RT to determine the exchange current. The same io is also directly
proportional to ko and indirectly proportional to Ret.
An alternate method of analysis of this sort of experiment, which will
be used in this study, was suggested by Allen and Hickling 23. Equation
(5.2.2.6) is re-written as
nFi nRT
i = ioe RT -RT - 1 (5.2.3.2)
or
i anFTIlog r = log io  23RT (5.2.3.3)
eRT -1
A graph of log i vs. Ti will yield an intercept value for log io and a
-e F -1.
anF
slope of 2.3RT to determine a. This method has the advantage of being
applicable to those electrode reactions where both the anodic and cathodic
currents are significant compared to the net current when measured in the
overpotential range where mass transfer is not a concern.
5.2.4 Large overpotential
At very large overpotentials, one of the bracketed terms in (5.2.2.6)
becomes negligible. At very anodic potentials, exp(-anfrl)<exp[(1-a)nfri], and
(5.2.2.6) becomes
(1-a)nFil
i = ioe RT (5.2.4.1)
or
RT RT11= lnjio +  Inlij (5.2.4.2)(1- a)nF (1- a)nF
If equation (5.2.4.2) holds for large overpotentials, the system is said to exhibit
Tafel behavior. If the kinetics on the electrode surface are sufficiently
sluggish, good Tafel behavior can be observed. At the same time, sluggish
electrode kinetics is a sign of chemical irreversibility. Therefore, the more
Tafel behavior is observed, the more irreversible is the reaction.
CHAPTER 6
RESULTS
6.1 Carbon
It would be folly to think that the application of exactly 2.213 V at 970°C
would be enough to decompose aluminum oxide according to reaction (1.1),
or 1.154 V for the indirect carbothermic reduction of aluminum oxide in
reaction (2.1.1) at the same temperature24,25. An additional polarization
beyond the equilibrium potential must be applied to begin the reaction. This
quantity is termed the overpotential, signified by 11, where TI = Eapplied - Eeqm. 18
Under static current control, the voltage in a given cell can be expressed
by the following equation:
V, = E, + i,+ i _ + IR, (6.1.1)
Erxn represents the Nernst potential of the reaction, calculated in equation
(5.2.3). The quantity IRe represents the sum of voltage drops due to the flow
of current through the external parts of the cell (current leads, etc.), the
electrolyte and bubbles on the surface of the working electrode.
Overpotentials l,+ and TI- represent the anodic and cathodic polarizations,
respectively. 18,26 They are functions of the electrode material and geometry.
The polarization is function of the operating current density, as related by the
Tafel equation,
Ti = a + b log i (6.1.2)
where i is the current density in A*cm -2, and a and b are constants, which is
of the same form as (5.2.4).18
Erxn can be determined theoretically from thermodynamic tables at a
given temperature. Ohmic resistance effects (IRe) can be determined by
traverse. In this experiment, the current density is kept at a constant level
while the interelectrode distance is varied, and the resultant potential is
recorded. The data (V and x) are then plotted and a line is fitted to the data.
In a given circumstance, the slope of the line is multiplied by the known
interelectrode distance; the ohmic resistance is now a known quantity,
leaving only the electrode overpotentials as unknown quantities.
In the case of the Hall cell, the cathodic overpotential of the Al/Al3+
equilibrium reaction is negligible and can be considered to be zero. 27 Thus,
all that remains from equation (6.1.1) is 1l+, the anodic overvoltage.
There have been numerous investigations of the anodic overvoltage
on carbon anodes in Hall cells. While most of them have been performed at
high alumina content or saturation, three have been done at levels below 5
weight percent. Working with a carbon electrode, Abramov 28 determined
values of 0 and 0.08 V for a and b, respectively, on a carbon anode at 970-990 C
in a bath containing 4 wt% aluminum oxide over a Tafel range of 0.2 to 1.0
A*cm -2. Using gas analysis, Antipin and Khudyakov 29 determined values of
0.6 V for a and values between 0.20 and 0.22 V for b over a current density
range of 0.01 to 1.0 A*cm -2. Their electrolyte contained 3 wt% aluminum
oxide at 790 C. The anode was graphite. Welch and Richards30 , using a
C/(CO + CO2) or C/(N2 + 10%C0 2) reference electrode, determined
overpotential values for a graphite anode flushed with a CO/CO2 mixture
over a Tafel range of 0.04 to 0.4 A*cm -2. The electrolyte contained 3.5 wt%
alumina at 1000 C. The slope of the straight line region was 0.33. In addition,
stirring was found to have no effect on the overvoltage. Exchange currents
obtained by extrapolation of Tafel curves ranged from 0.015 to 0.035 A-cm- 2.
Thonstad 31 used the same techniques used in this study to determine
Tafel plots and exchange current densities on various carbonaceous materials.
His experimentally obtained values are listed in Table 6.1.1. Thonstad also
determined a linear correlation between the exchange current density and
alumina content in the electrolyte. Figure 6.1.1 shows the relation between
log io and log CAI20 3, with a slope of 0.56.
The LSV experiment in the present study on the carbon anode was
performed on two separate occasions at different sweep rates, ranging from
0.016 to 1 V*s- 1 on the first occasion, and 0.5 to 4 V*s -1 on the second when it
was felt that results obtained at slow sweep rates might be tainted by thermal
convection or buoyancy effects.
Table (6.1.2) shows the results of the obtained value of the exchange
current density, io, at a given sweep rate. The exchange current density was
calculated using the equations
RTRt = (6.1.3)
nFio
and
Rdt = (6.1.4)
(Formula (6.1.4) is only a differential form of Ohm's law), where Ret is the
charge transfer resistance. The values for 8T1 and 8i were set equal to AE and
AI respectively, and the latter pair of values were measured directly from the
region of zero overpotential on the cyclovoltammogram. The average value
of the obtained exchange current was 0.428 A*cm- 2, and 0.149 A*cm-2. These
values are far in excess of recorded values of exchange current densities.
Material Type jo (A/cmA2)
Pyrolytic graphite, basal plane 0.0048
Pyrolytic graphite, perp, basal plane 0.0060
Vitreous Carbon 0.0026
CHB graphite 0.0150
AUC graphite 0.0180
Baked Carbon 0.0240
Table 6.1.1. Exchange currents densities for various carbonaceous materials as
anodes in Hall cells.29
v (V/s) jo (A/cm2)
0.017 0.208
0.017 0.212
0.050 0.189
0.050 0.113
0.100 0.129
0.100 0.142
0.250 0.127
0.250 0.132
0.500 0.153
0.500 0.132
1.000 0.127
1.000 0.127
0.500 0.410
0.500 0.564
0.750 0.359
0.750 0.423
1.000 0.451
1.000 0.564
1.500 0.322
1.500 0.451
2.000 0.398
2.000 0.451
3.000 0.451
3.000 0.356
4.000 0.338
4.000 0.451
Table 6.1.2. Exchange current densities experimentally obtained on carbon
anodes in this study.
In the SCV experiment, the power supply was programmed to step and
maintain an applied potential it for ten seconds, while the chart recorder
marked only the current as a function of time. The current at a particular
time z was graphed as a function of the stepped potential (as described in
Chapter 5). Figure 6.1.1 shows the entire range of stepped potentials,
Figure 6.1.2 is the Tafel plot obtained for carbon in the SCV experiment,
Figure 6.1.3 shows the entire range of stepped potentials re-plotted according
to Allen and Hickling, and Figure 6.1.4 shows the low overpotential regime of
the Allen-Hickling plot.
In the Allen-Hickling plot, the slope of the line in the low
-anF
overpotential regime, 2.3RT' yields a transfer coefficient of 0.816 (for T=970°C
and n=2). The intercept, log io, is equivalent to an exchange current density of
0.0164 A*cm-2.
In the regime of Tafel kinetics, and at a temperature of 970"C, a Tafel
equation of
Ti = 3.6875 + 2.4563 log i
was obtained. The values for a and b are a magnitude of order greater than
most other obtained values. The reason for such a departure is currently
unknown. Using formula (5.2.4.2), a was determined to be approximately
0.949, also far from the expected value of 0.5. If the values for a and b were
both divided by 10, a would then become the expected value of 0.5.
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Figure 6.1.1. Graph of sampled current at z = 1 s as a function of the applied
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6.2 Platinum
Platinum's chemical inertness makes it, with gold, the ideal inert
anode for aluminum electrolysis. It is quite reluctant to form an oxide, but
that is not necessarily an indication of its kinetic facility.
The literature values of exchange current densities on platinum
anodes vary. Thonstad 32 determined that there are two separate straight
RT RTportions of a Tafel plot with slopes of -•- and F - It is claimed that these two
separate segments indicate that there are two steps involved in the discharge
of oxygen. According to Thonstad, the anode reaction can be tentatively
divided into four steps:
A1OF"X)-> A1Fx3-x) + 02-
02-> Oad + 2e-
02- + Oad - 02ad + 2e-
02ad -- 02 (g)
At low current densities, (i < 0.25 A*cm -2) io = 0.017 A*cm-2, and the
Tafel equation is T1 = 0.120 + 0.083 log i. In this case, the third step is the
limiting reaction. At higher current densities (i>0.60 A*cm -2)
io = 0.105 A*cm -2. The Tafel equation is Tj = 0.174 + 0.245 log i. In this case, the
second step is the limiting reaction.
Table 6.2.1 shows the experimentally determined exchange current
densities obtained by means of LSV in the present study. The average of
exchange current densities was 0.989 A*cm -2 in one instance, and
0.221 A*cm- 2 in another. The author puts no faith in these values because of
their magnitude.
Data obtained by means of the sampled current voltammetric
experiment yielded a transfer coefficient of a = 0.745 and an exchange current
density of 0.760 A*cm -2 at z = 0.1 s. At z = 1 s, a = 0.782 and io = 0.104 A*cm -2.
v (V/s) jo(A/cm^2)
0.017 0.719
0.050 0.801
0.050 0.912
0.100 0.979
0.100 0.948
0.250 0.899
0.250 0.831
1.000 1.229
1.000 1.537
4.000 0.258
4.000 0.287
3.000 0.287
3.000 0.243
2.000 0.323
2.000 0.128
1.500 0.191
1.500 0.088
1.000 0.445
1.000 0.287
0.750 0.227
0.750 0.179
0.750 0.153
0.500 0.115
0.500 0.109
Table 6.2.1 Exchange current densities experimentally obtained on platinum
anodes in this study.
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6.3 Aluminum Bronze
The aluminum bronze anode seemed to perform well in the LSV
experiment. The first trial with the aluminum bronze yielded an exchange
current density of 0.017 Aecm-2, and the second was 0.156 Aqcm-2 . The latter
value is suspect due to its order of magnitude.
Due to catastrophic failure of the cell apparatus, the SCV experiment
could not be performed on the aluminum bronze.
v (V/s) .o (A/cm2)
4.000 0.123
4.000 0.201
3.000 0.131
3.000 0.192
2.000 0.113
2.000 0.187
1.500 0.173
1.500 0.134
1.000 0.125
1.000 0.173
0.750 0.173
0.500 0.115
0.500 0.192
0.017 0.026
0.017 0.021
0.050 0.018
0.050 0.016
0.100 0.017
0.100 0.019
0.250 0.015
0.250 0.015
0.500 0.013
0.500 0.011
1.000 0.019
1.000 0.019
Table 6.3.1 Exchange current densities experimentally obtained on aluminum
bronze anodes in this study.
6.4 Iron-chromium-aluminum alloy
The iron alloy anode also seemed to perform well in the LSV
experiment. The first trial with this alloy yielded an exchange current density
of 0.019 A*cm- 2, and the second was 0.307 A*cm -2. The latter value is suspect
due to its order of magnitude. Table 6.4.1 lists the experimentally obtained
exchange current densities at various sweep rates.
Due to catastrophic failure of the cell apparatus, the SCV experiment
could also not be performed on the iron alloy.
v (V/s) . (A/3a2)
4.000 0.346
4.000 0.379
3.000 0.292
3.000 0.408
2.000 0.295
2.000 0.343
1.500 0.253
1.500 0.293
1.000 0.295
1.000 0.293
0.750 0.221
0.750 0.295
0.500 0.295
0.500 0.295
---- --- --- --- ------ - - -------.. . . .. . .. . . .. . . .. . .
0.017 0.017
0.050 0.029
0.050 0.024
0.100 0.014
0.100 0.018
0.250 0.025
0.500 0.014
0.500 0.015
1.000 0.018
1.000 0.016
Table 6.4.1. Experimentally obtained values of the exchange current density
on the iron-chromium-aluminum alloy.
6.5 Discussion
Though all inert anodes produce 02 the mechanisms, bond energies
and adsorption energies involved in the individual reaction may differ,
yielding different exchange current densities.
In a chronopotentiometric study of platinum and gold working
electrodes in alumina-cryolite solutions of varying compositions, Dewing and
van der Kouwe33 hypothesized the formation of oxides of platinum and gold
despite their thermodynamic instability at elevated temperatures. The logic
for their argument is as follows:
1. There are only three possible processes at the anode: the discharge of
0 2-, the discharge of F-, or the dissolution of the anode (Pt or Au);
2. In the diffusion-controlled region, the discharge of 02- is all but
certain.
3. If all 02- were being converted to 02, substantial amounts of gas
would be formed. Their example:
"For example, with platinum and 1.64% A120 3 a transition time
of 1720 isec was recorded at 21.1 A*cm -2. This corresponds to
36 mC cm-2 and would generate a gas layer 10-2 cm thick. At the
same time, the thickness of the diffusion layer (= Ii is
3010-4 cm. Generation of this volume of gas would thus
inevitably disrupt the diffusion layer and lead to a breakdown of
the Sand equation = 2, and yet no such
-nFC A1203 2
deviation from the Sand equation is observed." 31
4. If the oxygen is not present as a gas, it must be present in an oxide
film or in solution in the electrolyte. The latter is improbable since oxygen
gas is only sparing soluble in molten cryolite, and its dissolution in the
cryolite couldn't account for the behavior of the transition outside the
diffusion region.
5. When sufficient alumina is present, oxygen discharge prior to the
transition is assured.
6. The relation ic2/ 3 = constant is (as previously shown) consistent
with oxide film formation.
7. In melts with no added alumina, chronopotentiometry at high
current densities does not lead to anode effects, and the wire dissolves.
Similar experiments in melts with 2% of more alumina give anode effects
and the wire does not dissolve as much. This implies that the surface of the
electrode is physically changed during operation in the presence of alumina.
Therefore, a barrier that prevents the dissolution of platinum has formed.
The nature and composition of this film can only be theorized, as little
is known of the oxides of platinum and gold because of their thermodynamic
instability. Further research should be done to verify the formation of an
oxide film and determine its composition.
Little or no research has been reported on the kinetic parameters of
ceramic and cermet anodes. Current research still focuses on formation,
characterization and dissolution kinetics of ceramic and cermet anodes. As a
result, unfortunately, results of the candidate anode materials cannot be
compared with other values here.
The other parameter of interest in this study was a, the transfer
coefficient. It is a dimensionless geometric factor, varying from zero to one,
which is a measure of the symmetry of the energy barrier. It also determines
the fraction of the symmetry of the applied potential that contributes to a
change in the activation energy. Generally a is usually close to 1/2, but
certain physical conditions will impact the kinetics and cause it to be greater
than or less than 1/2.34
On a qualitative level, Goodisman35 developed an expression for a
S=(AGE2+AGs
AGE is the free energy for the electrode reaction, which is related to the
thermodynamic balance of the reaction. AGs is the free energy associated with
solvent rearrangement and interaction of the oxidized and reduced species
with the electrode; it is related to the kinetic difficulty of the reaction. Given
that the free energies of reaction (1.1) is 1 281 110 Jemol-1 and for (2.1.1) is
1 336 450 Jomol-1,24,25 which are large, and the high kinetic difficulty of the
reaction a would then be larger than 1/2, which it has been found to be in this
study.
A slightly more detailed inspection of the reaction shows that the end
product, whether 02 or CO2, comes at the series of chemical and
electrochemical reaction. The activation energy between the reactant and the
final product(s) is replaced by a series of intermediate products and activation
barriers. Any one of the intermediate barriers could dictate to the overall
reaction a certain character.
Section 6.2 lists the theorized intermediate steps of oxygen discharge
during electrolysis on an inert anode. Depending on the operational current
density, either the second or third reaction is rate-limiting.32 Interestingly
enough, both of these reactions include electron transfers, which are thought
to occur one electron at a time. The second step, e.g., could be decomposed
into the following steps:
02- --. 0- + e-
0- -+ Oad + e-
Throughout the study the value of n was assumed to be 2 when
performing calculations. The data were analyzed to confirm this assumption.
The Butler-Volmer equation (5.2.1.1) was the source of the analytic equations
in this study: the Tafel equation (5.2.4.2) and the Allen-Hickling equation
(5.2.3.3). The factor an was obtained from the Allen-Hickling slope and
placed in the Tafel slope equation to obtain n. A value for a can then be
obtained.
The range of overpotential used in analyzing the data included large
overpotentials. Tafel kinetics hold for large overpotentials; although Allen-
Hickling is intended for use at low overpotentials, the relation was found in
this study to hold for all overpotentials. On the carbon anode, n was
calculated to be 2.0172 and its corresponding a was found to be 0.9756. For the
SCV experiment on Pt sampled at r=0.1 s, n was found to be 1.9986, a to be
0.9845; sampled at r=1 s, n was found to be 1.9991, a to be 0.9833. These results
would appear to negate the rate-limiting charge-transfer scenario proposed
earlier. Since n=2 it would appear that another mechanism is at work. one
possibility is that the electron transfer might occur all at once, not one
electron at a time.
Another corroboration for the values of a obtained in this study comes
from a description of the extreme cases of a (a = 0 or 1) by Krishtalik. 36 At
sufficiently high anodic potentials, the anodic activation barrier goes to zero.
As a result a goes to one. Reactions of this sort require a large amount of
activation energy; this energy is equal to the heat of the elementary reaction.
For this study, while the activation energy is not equal to the heat of the
elementary reaction. For this study, while the activation energy is not equal
to 1.3 MJ*mol-1 (2.21 V), the activation energies (given in the Tafel lots) are
sizable.
Many reaction pathways for the anodic reaction on carbon have been
proposed. A majority of the researchers in this area agree that the over-
voltage is caused by a reaction on carbon though a sizable minority maintains
that the process is charge transfer controlled.37 In this study, it is
hypothesized that the former is rate-controlling since not only does the
adsorption of oxygen, but its reaction with solid carbon require breaking extra
bonds to achieve this.
6.6 Error analysis
There must be a reason for some of the reported current densities in
this study. During the experiment, there were never any indications that the
apparatus and the electronics were working improperly. Furthermore, the
analysis of the raw data was checked twice, and no errors were committed in
the data reduction. It appears, then, that errors occurred where certain
assumptions were made and certain unexpected occurrences negated pre-
conceived notions. The following items have been chosen as possible sources
of error:
* When the test cell was prepared, the working electrode materials were
carefully potted in a hole nominally of the same diameter as the
filamentary sample of anode material in a cylinder of hot-pressed boron
nitride. There exists, then the possibility of a gap between the outer
surface of the anode material and the boron nitride insulator, where the
electrolyte, by capillary action, could be drawn and cause electrochemical
reactions where they would not have been anticipated.
* HBN also has the tendency to "soak up" cryolite mixture melts. Over
short distances (<1 mm), this diffusionary action could be significant by
enlarging the electroactive anode surface. The addition of an extra 0.05
cm on the lateral face of the filamentary sample of the working electrode
adds another 0.0157 cm 2 to the 0.00785 cm2 of electrode surface
intentionally exposed to the cryolite. This extra electrode surface area then
proportionally increases the total current I (I = ioeA). The greater total
current is then divided by what is assumed to be the electrode's surface
area (which is smaller than the true surface area), yielding a number larger
than the real exchange current density.
* In the data analysis, a certain amount of visual inspection was employed.
The error introduced is estimated to be about ±10%.
* For certain thermodynamic calculations, it was assumed that the dissolved
alumina had reached unit activity in the solution, and that the pressure of
the oxygen was 1 atm. The EMF of reaction (2.4.1) is 2.213 V at 970 C,
assuming that the oxyfluoride ion is present at unit activity. In this study,
the alumina content was approximately one-fourth of the saturation limit,
so it will be assumed that the activity of the oxyfluoride ion is 0.25 for a
rough calculation. Assuming that the pressure of the oxygen is still 1 atm.,
RT
the term -- F In 0.25 is equal to 0.0742 V, which would make E for this
study approximately 2.287 V.
* An independent voltmeter was not used in this study. Instead, voltmeters
built into the power supply were used. Voltage and/or current readings
on the power supply are thought to be in error in some instances.
CHAPTER 7
CONCLUSION
7.1 Summary
The original aim of this study was to investigate the kinetic
performance of candidate anodes for aluminum electrolysis in the Hall-
H&roult cell using linear sweep voltammetry (LSV). In the midst of the
study, it was felt that a more adequate method of investigating the electrode
kinetics should be used instead of LSV. Therefore, sampled current
voltammetry (SCV) was employed. SCV seemed to give better results more
consistently, until the apparatus failed catastrophic due to leakage of cryolite.
The following kinetic constants were determined in this study:
io (A*cm -2) a Tafel equation
Graphite 0.0183 0.950 T1 = 3.6875 + 2.4563 log i
0.0164 0.883
0.976
Platinum t=0.1 s 0.0541 0.891 T1 = 0.51860 + 0.49990 log i
0.1148 0.791
0.985
'z= s 0.0879 0.756 T = 0.53169 + 0.59281 log i
0.1034 0.782
0.983
Aluminum Bronze 0.0175
(Cu-10%Al)
Hoskins 875 0.0190
(Fe-22.5%Cr-5.5%Al)
7.2 Recommendations
The pursuit of environmentally non-impacting methods to refine
metals is certainly worthwhile. To replace the carbon that is so popular in
reducing metal oxides will require a great deal of study of thermodynamics,
kinetics, chemical metallurgy and electrochemistry to arrive at a process that
is economically competitive and ecologically sound. To further elucidate
certain points and concerns raised in this study, the following studies are
suggested:
* Continue SCV experiments on candidate inert anode materials.
* Explore other experimental methods and designs for testing and
characterizing anode materials.
* Perform electrochemical impedance spectroscopy (EIS) on carbon,
platinum, and candidate inert anode materials. EIS would help to better
determine the kinetic performance of the anode materials, and would also
help to describe the structure of the reaction layer of the candidate
materials, and to test Dewing and van der Kouwe's hypothesis on the
existence of platinum oxide films on the exposed surface of the platinum
electrode during electrolysis.
* Test other candidate inert anode materials suggested by Hryn & Sadoway 2
using SCV and EIS. Other candidate materials, such as copper-nickel-
aluminum ternary alloys, could also be tested.
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Figure I.1. A1/A13+ reference electrode used in this study.
After D. R. Sadoway.
SCHEMATIC OF WORKING ELECTRODE ADAPTER
Side View:
threads for inconel
;ses
ce
or
boron nitride area for HBN
insulator
Figure 1.2. Working electrode adapter used in this study.
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SCHEMATIC OF COUNTER ELECTRODE
Figure 1.3. Illustration of liquid aluminum pool cathode and tungsten rod
current collector.
APPENDIX II
VARIABLES AND CONSTANTS
DIMENSIONS
a
A
b
Ci
Di
Eo
Eo'
Ex
Ep
Epa
Epc
io
ipa
ipc
isp
I
ko
kf
V
Jemol-1
s
none
96485 C
8.314 J*(K mol)-1
OUANTITY REPRESENTED
V
cm2
V
mol * cm-3
cm 2 e s-1
V
V
V
V
V
V
A*cm 2
A*cm 2
A * cm 2
A
cm*s -1
cm 0 s-1
cm* s-1
none
"C, K
Vos-1
V
none
none
V
V
VARIABLE
Tafel constant
area of exposed electrode surface
Tafel slope
concentration of species i in electrolyte
diffusion coefficient of species i
standard EMF of a half reaction
formal potential of an electrode
switching potential
peak potential
peak anodic potential
peak cathodic potential
exchange current density
peak anodic current density
peak cathodic current density
switching current density
total current
standard heterogeneous rate constant
heterogeneous rate constant for reduction
reaction
heterogeneous rate constant for reduction
reaction of species i
electrons per molecule oxidized or reduced
charge transfer resistance in reversible
reaction
resistance of external circuit
temperature
sweep rate
measured voltage of an entire cell
transfer coefficient
activity coefficient of species i
overpotential E-Eeq
anodic overpotential
cathodic overpotential
chemical potential of species i
sampling time
normalized current in sweep experiment
Faraday's constant; charge of one mole of
electrons
Universal gas constant
n
Ret
Re
T
v
Vcell
a
APPENDIX III
RELEVANT PHASE DIAGRAMS
WEIGHT PERCENTAGE ALUMINIUM
Figure III.1. Copper-aluminum phase diagram.38
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Figure 111.2. Aluminum-chromium-iron phase diagram. 39
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